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The genetic steps governing development of the spleen are largely unknown. Absence of Hox11 in mice results in asplenia,
but it is unclear how Hox11 exerts its effect on spleen development. To more precisely define Hox11’s role in spleen
morphogenesis, we have examined the fate of the developing spleen in Hox112/2 mice. Perturbation of spleen development
egins between dE13 and dE13.5. Cells of the spleen anlage persist past this developmental stage as an unorganized
udiment between the stomach and the pancreas. They fail to proliferate, and haematopoietic cells do not colonize the
udiment. At later stages of embryonic development, the cells can be observed in the mesenchyme of the pancreas, also an
xpression site of Hox11. In Hox112/271/1 chimaeras, spleens were devoid of Hox112/2 cells, indicating that the genetic
defect is cell autonomous and not due to failure of the organ anlage to attract and retain haematopoietic cells. In 2/271/1
chimaeric embryos, Hox112/2 cells were initially present in the spleen anlage. However, at dE13, a reorganization of the
spleen occurred in the chimaeras and Hox112/2 cells were subsequently excluded from the spleen, suggesting that a change
n the affinity for one of the spleen cells had occurred. These observations demonstrate that spleen development consists
f genetically separable steps and that absence of Hox11 arrests spleen development at an early stage. The formation of the
pleen primordium before the entry of haematopoietic cells does not require the activity of Hox11. However, subsequent
ifferentiation of spleen precursor cells is dependent on the Hox11 gene. © 2001 Academic Press
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The HOX11 gene was originally identified flanking the
breakpoint in certain chromosome translocations occurring
in patients with acute T cell leukaemia (Hatano et al., 1991;
Dube et al., 1991; Kennedy et al., 1991; Lu et al., 1991). A
characteristic feature of the HOX11 protein is a 61-amino-
acid domain termed the homeodomain that confers DNA
sequence-specific binding ability (Dear et al., 1993; Tang
and Breitman, 1995). HOX11 localises to the nucleus
(Zhang et al., 1993; Dear et al., 1993) and can transcription-
ally transactivate a variety of promoters in both yeast and
mammalian cells (Dear et al., 1993; Zhang et al., 1996),
properties characteristic of a transcription factor. Specific
domains of the protein that can mediate transcriptional
transactivation have been identified (Zhang et al., 1996;
1 To whom correspondence should be addressed. Fax: 149761
M108333. E-mail: dear@immunbio.mpg.de.
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All rights of reproduction in any form reserved.Masson et al., 1998). Altered transcription of target genes is
assumed to play a major role in the generation of tumouri-
genesis in T cells possessing translocations involving this
gene. To date, two potential Hox11 target genes have been
identified, Aldh1 and Wt1. Hox112/2 embryos have an
elevated level of Aldh1 RNA in the spleen anlage (Greene et
al., 1998) while Wt1 mRNA expression is reduced (Koehler
t al., 2000). In addition, the HOX11 protein has been
eported to interact with the PP1 and PP2A cell cycle
hosphatases (Kawabe et al., 1997). It could potentially
unction in development and tumourigenesis by binding to
uch proteins and thereby altering the cell cycle.
The mouse Hox11 orthologue is expressed in the developing
mbryo in the branchial arches, the developing hindbrain, the
pinal cord, the pharynx, the outflow tracts of the heart, the
xternal auditory meatus, the neurons of the developing
ranial sensory ganglia, and the trabeculae and capsule of the
pleen (Raju et al., 1993; Dear et al., 1995; Roberts et al., 1995).
ice deficient in Hox11 are asplenic (Roberts et al., 1994;
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232 Kanzler and DearDear et al., 1995) with the defect occurring after the initiation
of spleen morphogenesis (Dear et al., 1995). This phenotype
uggests that Hox11 activation is a main genetic event con-
trolling the formation of this organ in mice. Asplenia, in
FIG. 1. A spleen rudiment persists in Hox112/2 embryos. The sto
indicated ages and stained for b-galactosidase (LacZ) activity. The tiss
f the embryo to the left. The developing splenic artery and vein, whic
t, developing stomach; s, developing spleen; p, developing pancreas.
FIG. 2. Hox11 mRNA is expressed in the developing pancreas. Re
ections of embryos at the indicated ages hybridised with a 33P-labe
ipping with emulsion, except for dE16.5, which was developed af
data not shown). The ventral side of the embryo is to the right in
FIG. 3. Histological analysis of the spleen rudiment. Tissue se
development were stained for LacZ activity and counterstained
ositive for LacZ (data not shown). Mononuclear LacZ-negative ce
ollowed by a rapid influx of other cells at dE15.5. Spleen sections
hown to exemplify how rapid this influx is. All such cells were, h
he exception of erythrocytes in infiltrating blood vessels. Scale bar 5
Copyright © 2001 by Academic Press. All rightconjunction with various other defects, has also been reported
in mice nullizygous for Bapx1 (Lettice et al., 1999; Tribioli
and Lufkin, 1999; Akazawa et al., 2000), Nkx2.3 (Pabst et al.,
1999), Wt1 (Herzer et al., 1999), and capsulin (Lu et al., 2000).
h, spleen, and pancreas region were removed from embryos at the
re shown from the left-hand side of the embryo with the ventral side
LacZ-positive, are indicated with an arrow at dE17.5. Abbreviations:
bar 5 100 mm for dE11.5 and dE12.5, and 1 mm for all others.
ntative bright-field (left) and dark-field (right) images of transverse
antisense probe for Hox11. All slides were developed 21 days after
days. Control sense RNA probes showed no hybridisation signal
frame. Scale bar 5 100 mm. Abbreviations as in legend to Fig. 1.
s of Hox111/2 and Hox112/2 embryos at the indicated stages of
eosin. Before dE15, the spleen rudiment stains homogeneously
an first be visualised in the spleen at approximately dE15. This is
o different embryos estimated to be between dE15 and dE15.5 are
er, absent from the rudiment in Hox112/2 day-15.5 embryos withmac
ues a
h areprese
lled
ter 32
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owev100 mm.
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234 Kanzler and DearThe available evidence suggests that the spleen develops
from the dorsal pancreatic mesenchyme. In mouse,
chicken, lungfish, and frog, the spleen has been observed to
develop from within, or in close proximity to, the pancre-
atic mesenchyme (Thiel and Downey, 1921; Wessels and
Cohen, 1967; DeLanney and Ebert, 1966; Saito, 1984; Yass-
ine et al., 1989; Patterson et al., 2000). Several transgenic
experiments on pancreas development support such an
origin. Pdx1-null mice lack a pancreas due to a defect in the
differentiation of the pancreatic epithelium. Yet, the initial
morphogenesis of the pancreatic mesenchyme is unaffected
and the mice have a spleen (Jonsson et al., 1994; Ahlgren et
al., 1996). Similarly, Hlxb9-null mice lack a dorsal pancreas
due to a defect in the dorsal pancreatic epithelium. Again,
the initial development of the dorsal mesenchyme is unaf-
fected and the spleen develops normally (Harrison et al.,
1999; Li et al., 1999). In contrast, transgenic mice lacking
pancreatic mesoderm, due to ectopic expression of Shh, also
lack a spleen (Apelqvist et al., 1997).
A controversy over the phenotype of the Hox112/2 mice
remains unanswered. Although a normally developing
spleen can no longer be observed after dE13.5, the fate of the
spleen anlage cells was unknown. Alternative hypotheses
have suggested that the cells may contribute to other organs
in the vicinity, such as stomach and pancreas (Roberts et
al., 1995), or that the cells die, perhaps by apoptosis (Dear et
al., 1995). Furthermore, there are several alternative possi-
bilities to explain the perturbation of spleen development
in Hox112/2 embryos. Hox11 could be a cell-autonomous
ene product necessary for differentiation of all or part of
he splenic mesenchyme. Alternatively, the defect may
esult from the inability of the cells in the spleen anlage to
ttract and retain other cells. Indeed spleen development
egins to be perturbed at the stage at which the first
aematopoietic cells appear in the organ anlage (Mebius et
l., 1997). Another possibility is that Hox11-expressing
ells secrete a factor that is autostimulatory and results in
urther cell proliferation. To distinguish between these
ossibilities, the role of the Hox11 gene was examined by
etermining whether the Hox112/2 spleen defect can be
escued in the presence of wild-type cells. The latter two
heories both predict that Hox112/2 cells should be rescued
in the presence of wild-type mesenchymal cells, generating
a chimaeric spleen composed of both cell types. In contrast,
if the first theory is correct, only wild-type mesenchymal
cells should be competent to expand within the capsule and
trabeculae of the spleen.
This study had two aims: (1) to determine the fate of the
spleen anlage in Hox112/2 mice by analysing the fate of the
LacZ-expressing spleen anlage cells in Hox112/2 embryos
nd (2) to determine whether Hox112/2 cells could contrib-
te to the spleen in the presence of wild-type cells by
eneration of chimaeric embryos. The results indicate that
ox11 acts cell autonomously and that, in the absence of
ox11, spleen cells can persist in the dorsal mesogastrium
ut are arrested in development. Moreover, Hox11-null
ells are absent from the developing spleen in Hox11-
Copyright © 2001 by Academic Press. All rightnull7wild-type chimaeras after dE13. This suggests that
Hox11-null spleen anlage cells are distinguishable from
their wild-type counterparts in the developing spleen and
are somehow excluded from the organ anlage at this stage.
METHODS
Mice
The Hox112/2 mice have been previously described (Dear et al.,
995). The mutated allele, Hox11tm1Rab, consists of a knock-in of the
acZ gene into the Hox11 locus. For timed matings, mice were mated
n the evening and, if a vaginal plug was observed the next morning,
ertilization was assumed to have taken place at midnight.
b-Galactosidase Histochemistry
The procedure used was similar to that described by Allen et al.
1988). Embryos were fixed in 4% (w/v) formaldehyde, 0.8% (w/v)
lutaraldehyde, 0.02% (v/v) NP40, 1 mM MgCl2 in PBS for 1 h at
4°C. After briefly washing in PBS, embryos were stained overnight
in 400 mg/ml X-gal, 0.1 mM MgCl2, 20 mM potassium ferrocyanide,
20 mM potassium ferricyanide in PBS. Stained embryos were stored
in 4% (w/v) formaldehyde in PBS at 4°C.
Isolation of Embryos
Superovulation of Hox112/2 and wild-type C57BL/6 mice was
nduced by injection of 5 IU pregnant mare serum gonadotrophin
Intervet, To¨nisvorst, Germany) followed 46 h later by injection of
units human chorionic gonadotrophin (Intervet). Females were
hen mated with either Hox112/2 or wild-type C57BL/6 males.
uccessful matings were assessed by the presence of vaginal plugs
n the following day. Plug-positive mice were killed 48 h later and
–16 cell embryos isolated by flushing the oviduct and proximal
terine horns with M2 medium (Sigma, Deisenhofen, Germany).
mbryos were cultured for several hours in M16 medium (Sigma) in
5% C02 incubator at 37°C before commencing aggregation.
Generation of Aggregation Chimaeras
Chimaeras were generated by aggregation of morula stage em-
bryos essentially as described by Hogan et al. (1994). Embryos were
recovered from day 2.5 p.c. females and denuded of their zona
pellucida by treatment in acid Tyrode’s solution, and eight-cell-
stage morulas were aggregated and cultured overnight in M16
medium (Sigma) in wells formed by indentation of a 35-mm tissue
culture dish with a drawing pin. The next morning, wells were
inspected and morulas that appeared to have aggregated (based on
their larger size and the presence of only a single embryo in the
well) were retransferred into the uterus of 2.5-day pseudopregnant
FVB females. Chimaeras were collected at various stages of devel-
opment between dE12 and dP7 and stained for b-galactosidase
activity. Selected embryos were dehydrated in ethanol, embedded
in paraffin, and 5-mm sections of the dorsal mesogastrium were
ransferred to glass slides. After deparaffination in xylol, slides
ere rehydrated and counterstained in eosin.
In Situ Hybridisation
Sense and antisense dioxygenin-containing RNAs were preparedby in vitro transcription of plasmid DNAs in a reaction volume of
s of reproduction in any form reserved.
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235Asplenia in Hox112/2 Mice20 ml containing 13 transcription buffer (provided by the manufac-
turer), 2 ml DIG RNA Labelling Mix (Roche Diagnostics, Mann-
heim, Germany), 10 mM DTT, 1 mg linearised plasmid DNA, 40
units RNasin (Promega, Mannheim, Germany), and 10 units T7 or
T3 RNA polymerase. After incubation for 2 h at 37°C, the template
DNA was removed by addition of 2 units DNase I (Boehringer
Mannheim, Roche Diagnostics, Mannheim, Germany) followed by
incubation at 37°C for 30 min. The reactions were extracted with
phenol-chloroform, ethanol precipitated, and resuspended in 100 ml
DEPC-treated dH2O. Embryo fixation, in situ hybridisation, and
taining for hybridised RNA were as previously described (Conlon
nd Rossant, 1992).
RESULTS
Fate of the Spleen Anlage in the Dorsal
Mesogastrium of Hox112/2 Embryos
If cell death is not responsible for the rapid involution of
the spleen anlage in Hox112/2 embryos, then the Hox112/2
cells originally constituting the developing spleen should
still be present in the embryo. Consequently, we examined
the developing spleen in Hox112/2 embryos. The LacZ
knock-in into the Hox11 locus offered a tool by which
ox112/2 spleen cells could be identified. The Hox11
nockout was generated by replacing part of the Hox11
oding region with the Escherichia coli LacZ gene (Dear et
al., 1995). Transcription of LacZ is dependent on Hox11
regulatory sequences and, consequently, LacZ activity can
be used to identify Hox11-expressing cells. The Hox11-
LacZ knock-in allele is still expressed in Hox11-null em-
ryos, indicating that Hox11 protein is not required for
ontinued transcription of the Hox11 gene. This, conve-
iently, allows the identification of Hox11-expressing cells
n Hox112/2 embryos.
Condensing mesenchyme in the region of the spleen has
been reported at dE11.5 (Wessels and Cohen, 1967; Roberts
et al., 1994), and Hox11 expression is first observed in the
dorsal mesogastrium between dE10.5 and dE11 (Koehler et
al., 2000). Thus, spleen morphogenesis is probably initiated
between dE10.5 and dE11.5. Embryos were thus examined
from this time point on. Up to dE12.5, the spleen anlage
appears morphologically similar in Hox111/2 and Hox112/2
embryos (Fig. 1). In the dorsal mesogastrium of Hox111/2
embryos, Hox11 was primarily expressed in the spleen with
some expression in the pancreas (Fig. 1). To confirm that
the expression in the pancreas was not an artefact resulting
from altered regulation of the mutated Hox11 allele, in situ
hybridisation analysis was performed. At dE12.5, when the
developing spleen and pancreas can be differentiated from
one another (although the two tissues are still physically
associated), Hox11 mRNA was detectable in both tissues
Fig. 2). At day 13.5, the spleen and the pancreas begin to
eparate and Hox11 mRNA is present in both organs (Fig. 2).
n the developing pancreas, expression was restricted to the
esenchyme and was excluded from the epithelial compo-
ent. There appeared to be a gradient of intensity with
ancreatic mesenchymal cells closer to the developing
Copyright © 2001 by Academic Press. All rightpleen expressing more Hox11 mRNA (see, for example,
E12.5 and dE14.5 in Fig. 2). Hox11 mRNA expression in
he pancreas was observed up until dE14.5. By dE16.5,
xpression was no longer detectable in the pancreas (Fig. 2),
hile expression was greatly reduced but still detectable in
he dE16.5 spleen and restricted to the cells that will form
he capsule of the organ. Development of the pancreatic
esenchyme begins at approximately dE9 (Slack, 1997)
receding the initiation of Hox11 expression in the dorsal
esogastrium which begins between dE10.5 and dE11
Koehler et al., 2000). Thus, our observations suggest that
ox11 mRNA expression is initiated in a mesenchymal cell
opulation of the developing pancreas, a proportion of
hich subsequently forms the spleen.
At dE13.5, there was a noticeable difference in the struc-
ure of the LacZ-positive tissue between Hox111/2 and
ox112/2 embryos; the mass of LacZ-positive cells compris-
ing the spleen anlage of Hox111/2 embryos was more
diffusely spread in Hox112/2 embryos (Fig. 1). From dE13.5
nwards, LacZ-positive cells could be visualised either in
udimentary tissue residing between the stomach and pan-
reas or within the pancreas itself. The first mononuclear
ells enter the mouse spleen at dE15, with erythroid and
ymphocyte precursors following at approximately dE15.5
Sasaki and Matsumura, 1988). The spleen rudiment of
ox112/2 embryos consisted, however, solely of undifferen-
iated mesenchyme with no evidence of infiltrating haema-
opoietic precursors (Fig. 3).
The rudiment did not appear to increase in size after
E15.5, suggesting that proliferation is arrested at this
tage. At dE17.5, LacZ-positive cells could be observed in
he pancreas and in the splenic artery and vein (arrow in
igs. 1 and 4). Histological analysis of dP5 Hox111/2 and
Hox112/2 mice confirmed that, in the absence of a func-
tional Hox11 gene, the LacZ-positive Hox11-null cells
ould be seen in the tunica adventitia of the splenic artery,
nd to a lesser extent, in the tunica adventitia of the vein
Figs. 4D, 4F, and 4H). Weakly LacZ-positive cells could
lso be seen throughout the pancreas (Figs. 4E and 4G). The
act that these cells differed in LacZ expression levels
uggests that Hox11-null cells may not preferentially con-
ribute to the splenic vein and artery, but rather that Hox11
xpression is maintained here due to different regulatory
nfluences. By dP28, few LacZ-positive cells were present
nd the splenic artery and vein were no longer positive (Fig.
C). In 6-week-old Hox112/2 mice (dP42), no LacZ-positive
cells could be detected in the pancreas (data not shown).
This is despite the fact that Hox11 is still transcribed in the
apsule and trabeculae of the adult spleen (Fig. 5).
The Hox11 Mutation Is Cell Autonomous and
Hox112/2 Cells Are Absent from the Spleen Anlage
of Chimaeric Embryos
The primary defect in the Hox112/2 mice might be the
inability of the spleen anlage to attract and retain lympho-
cyte precursors. Alternatively, Hox11 may encode a cell-
s of reproduction in any form reserved.
artery; sv, splenic vein. P 5 days postnatally, where P1 indicates the day of birth. Scale bar 5 1 mm (A–F) and 100 mm (F–H).
236 Kanzler and DearFIG. 5. Hox11 is expressed in the adult spleen. (A) Whole spleens from a Hox111/1 (above) and Hox111/2 mouse (below) stained for
b-galactosidase activity. (B) Paraffin-embedded tissue section from a Hox111/2 spleen stained for LacZ activity and counterstained with eosin. (C)
Higher magnification of B. As in the embryonic spleen, Hox11 activity is restricted to the capsule and trabeculae of the spleen. Scale bar 5 5 mmFIG. 4. Hox112/2 cells of the spleen anlage are present in pancreatic mesenchyme. Tissues were removed from mice at the indicated ages and stained
for LacZ activity. (A) The pancreas from a Hox112/2 dP5 mouse. The left-hand side corresponds to the duodenal end of the pancreas and the right-hand
side to the cardiac end. It is viewed from above, i.e., the side normally in contact with the stomach. (B) dP28 Hox112/2 pancreas. Note the lack of
LacZ-positive staining in the splenic artery and vein at this stage. (C) dP28 Hox111/2 pancreas. (D) Section of a dP5 Hox112/2 pancreas and spleen stained
for LacZ activity and counterstained with eosin. (E) Similarly stained section of a Hox111/2 dP5 pancreas. The boxed regions in D (F–H) are shown as
enlargements. Note the LacZ-positive staining in the splenic vein and artery seen transversely (F) and longitudinally (H). s, spleen; p, pancreas; sa, splenic(A), 1 mm (B), and 100 mm (C).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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237Asplenia in Hox112/2 Miceautonomous product that is required for the differentiation
of the splenic mesenchyme. To discriminate between these
possibilities, chimaeras were generated consisting of wild-
type and Hox112/2 cells and the contribution of Hox112/2
cells to the spleen examined. Chimaeras were generated by
the aggregation of morula stage embryos heterozygous or
homozygous for the Hox11 knockout allele with wild-type
morulas. Chimaeric embryos and newborn mice at various
FIG. 6. The Hox11 mutation acts cell autonomously in the spleen
ar and tongue epithelium, which were used to estimate the perce
f LacZ staining of the dorsal mesogastrium of chimaeric embryos
ide, except for top right where it is shown from underneath and
tomach is an artefact also seen in wild-type mice and is unrelated
mm. (C) Histological sections of dE15.5 chimaeras. Scale bar 5stages of development were recovered, stained for LacZ H
Copyright © 2001 by Academic Press. All rightctivity, embedded in paraffin, and sectioned to enable
ssessment of contribution of LacZ-expressing cells to the
eveloping spleen.
A total of 102 chimaeras derived from aggregation of
ox112/2 and wild-type morulas were obtained from 9
ndependent experiments (Table 1). The percentage of chi-
aerism of the embryos was determined by estimating the
roportion of LacZ-positive cells in structures in which
Examples of LacZ staining in the external auditory meatus of the
of chimaerism. Scale bar 5 100 mm. (B) Representative examples
rious stages of development. The tissue is shown from the ventral
where it is shown from the dorsal side. The blue staining in dP5
ox11 expression. Abbreviations as in legend to Fig. 1. Scale bar 5
m.. (A)
ntage
at va
dP5
to Hox11 is expressed but that are not altered in Hox112/2
s of reproduction in any form reserved.
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238 Kanzler and Dearmice, such as the external auditory meatus and the epithe-
lium of the tongue (see examples in Fig. 6A). The overall
contribution of LacZ-positive cells in chimaeras ranged
from approximately 30 to 80%. There was no difficulty in
generating chimaeras with a high degree of contribution of
Hox112/2 cells, in accordance with the nonlethal phenotype
f the Hox11 mutation. At all stages from dE13.5 onwards,
hen the spleen could be first observed as a distinct entity
etween the stomach and pancreas, Hox112/2 cells were
bsent from the developing spleen (Table 1 and Fig. 6B).
his supports a cell-autonomous function of Hox11 in
pleen development.
It was noticeable that Hox112/2 cells, far from being able to
develop in the spleen in the presence of wild-type cells, were
actually excluded from the developing spleen in all chimaeras
examined from dE13.5 onwards. Histological examination
confirmed that Hox112/2 cells were not present within the
developing spleen of any chimaeric embryos examined at
these stages (Fig. 6C and data not shown). To examine this
phenomenon further, chimaeric 2/271/1 embryos were
enerated and examined at stages between dE12.5 and dE14.5.
t dE12.5, 2/271/1 chimaeras were comprised of a mixture
f both cell types in the developing spleen (Fig. 7A). At dE13.5,
TABLE 1
Summary of Morula Aggregation Experiments
Age
Embryos/mice
recovered positive No. LacZ positivea
2/2 7 1/1
dE12.5 14 12
dE13 4 4
dE13.5 14 12
dE14 6 5
dE14.5 14 8
dE15.5 19 15
dE16.5 6 6
dE18.5 9 6
P1 10 7
P5 12 8
1/2 7 1/1
dE11.5 4 3
dE12.5 8 8
de13.5 8 5
dE15.5 12 10
dE16.5 12 11
dE17.5 4 4
a As assessed by LacZ-staining in areas in which Hox11 is known
nd pharynx. Embryos that were not LacZ-positive were presumed
b Embryos and mice that were 100% LacZ-positive were excluded fr
onsisting solely of Hox11-null cells. In all such cases, the embryos p
c As estimated by proportion of cells in external auditory meatu
d Chimaeras in which LacZ-positive cells could be found resting
pleen was not observable as a distinct entity before dE13.5, a posit
rea of the dorsal mesogastrium occupied by LacZ-positive cells inowever, there were no Hox112/2 cells in the developing n
Copyright © 2001 by Academic Press. All rightspleen (Fig. 7A). Instead, LacZ-positive cells were observed
either dorsal to the developing spleen or in some cases as
additional small aggregates on its surface (Fig. 7A). No LacZ-
positive cells could be observed in the spleen anlage of
2/271/1 chimaeric embryos by dE14.5 (Fig. 7A). Histolog-
cal examination of tissue sections showed that Hox11-null
ells (LacZ-positive) were mixed with wild type cells (LacZ-
egative) in dE12.5 and dE13 chimaeras, while, at dE14, there
as a clear delineation between the two cell types (Fig. 7B).
hus, dE13 marked a transition period in which there was a
eparation of Hox112/2 and wild-type cells in the spleen anlage
of chimaeras. It was noticeable that the dE13 spleen anlage in
2/271/1 chimaeras lacked the clear outline normally ob-
erved at this stage of development (Fig. 7A), suggesting that
emodelling of the existing organ anlage was occurring.
There was no evidence to suggest that the Hox11-null
ells in the chimaeric spleens were being removed by
poptosis between dE13.5 and dE14.5. There was no detect-
ble increase in the proportion of TUNEL-positive apopto-
ic cells in chimaeric spleens relative to wild-type spleens
data not shown). In addition, Hox11-expressing cellular
ggregates were present around the spleen after dE14.5 but
No.
chimaerasb
Chimaerism
(% range)c
Proportion chimaeras
LacZ-negative in spleend
12 30–70 12/12
4 60–80 4/4
9 30–80 4/9
3 30–80 0/3
8 30–60 0/8
11 40–80 0/11
6 30–80 0/6
5 30–70 0/5
7 30–80 0/7
8 40–70 0/8
3 50–60 3/3
4 40–80 4/4
4 40–80 4/4
8 30–80 8/8
8 50–80 8/8
2 40–60 2/8
e expressed, such as external auditory meatus, spinal cord, tongue,
nsist solely of wild-type (1/1) cells and were, thus, not chimaeras.
rther analysis as they could not be regarded as chimaeras, presumably
ssed no spleen at any stage after dE13.5 (data not shown).
tongue epithelium staining positive for LacZ.
e spleen anlage but not within it were recorded as negative. As the
sult was recorded if LacZ-positive cells were observed in the same
111/2 embryos of a similar developmental age.to b
to co
om fu
osse
s and
on th
ive reot before, suggesting that these aggregates were derived
s of reproduction in any form reserved.
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239Asplenia in Hox112/2 Micefrom cells within the initially chimaeric spleen rather than
from elsewhere.
DISCUSSION
In this study, the fate of Hox112/2 cells of the spleen
nlage and the behaviour of such cells in mouse chimaeras
ere examined. In the absence of Hox11, cells of the spleen
nlage are unable to develop normally after dE13. They
ppear to alter their differentiation fate and, initially, col-
ect in the dorsal mesogastrium between the stomach and
ancreas. At later stages of embryonic development, they
ontribute to pancreatic mesenchyme and the tunica ad-
entitia of the splenic artery and vein. At some postnatal
tage, transcription from the Hox11-null allele must be
ownregulated as no LacZ-expressing cells could be seen in
he pancreas of adult Hox112/2 mice. This is in contrast to
the situation with heterozygous mice where Hox11 re-
mains expressed in the capsule and trabeculae of the spleen
throughout adulthood. The asplenic phenotype of Hox112/2
mice is not the result of organ involution, but the failure of
the cells to proceed past a specific developmental stage.
This emphasises that differentiation of the spleen primor-
dium consists of at least two genetically separable stages.
This is a recurring theme in organogenesis; arrested mor-
phogenesis has been observed in mice with mutated genes
specifically required for development of other organs, such
as Whn in the thymus (Nehls et al., 1996), Pdx1 in the
pancreas (Ahlgren et al., 1996), and Lhx3 and Lhx4 in the
pituitary (Sheng et al., 1997). Alteration of cell fate has also
een reported in mice lacking Myf5, where the Myf5-null
cells are found under the ectoderm or in the ribs instead of
in muscle (Tajbakhsh et al., 1996).
Previous analyses of cell autonomy have often used null
ells or wild-type cells containing a ubiquitously expressed
acZ gene as a marker (Friedrich and Soriano, 1991; Chen
nd Behringer, 1995; Wilson et al., 1995; Ciruna et al., 1997;
Rivera-Pe´rez et al., 1999). Although such a strategy allows
analysis of contribution of null cells to any tissue or organ,
ubiquitous expression has the disadvantage that the fate of
null cells in a particular organ or tissue cannot be examined
as such cells cannot be differentiated from other null cells
in the chimaera. The advantage of using the Hox11 knock-
out allele, which contains a LacZ knock-in, is that, provid-
ing expression is maintained from this allele, Hox112/2 cells
an be identified in chimaeras. Furthermore, Hox112/2
morulas, as opposed to Hox112/2 ES cells, can be used to
enerate chimaeras, as mice lacking Hox11 are fertile. This
voids the extra effort required to generate homozygous
ox112/2 ES cells and the possibility of introducing un-
wanted genetic alterations into such cells.
The generation of chimaeras by morula aggregation al-
lowed the interaction between Hox112/2 and Hox111/1 cells
in the spleen anlage to be investigated. An indication that
Hox11 acts cell autonomously is a bias in the distribution
of Hox112/2 and wild-type cells in tissues normally affected
Copyright © 2001 by Academic Press. All righty absence of the gene. From dE13.5 onwards, developing
pleen tissue consisted solely of wild-type cells. Further-
ore, absence of Hox11 results in failure to proceed with
pleen development and the presence of wild-type cells in
himaeric embryos failed to rescue this defect of the Hox11-
ull cells. The level of chimaerism did not alter this result;
.e., it was not possible to rescue small numbers of Hox11-
ull cells in the presence of large numbers of wild-type cells
r vice versa. Overall, the data are indicative of a gene that
cts cell autonomously in spleen development. Thus, the
lock in spleen morphogenesis is not due to the inability of
he spleen anlage of Hox112/2 embryos to attract lymphoid
ells. Furthermore, it cannot be due to the absence of some
utostimulatory factor secreted from the Hox11-express-
ng cells. If either case were true, then the defect would
ave been rescued by the presence of wild-type cells in
himaeras.
A surprising finding was the failure of Hox112/2 and
ox111/1 cells to mix in the spleen anlage of chimaeric
embryos after dE13. It has been reported that wild-type and
null cells remain separated in chimaeras as distinct clusters
for Gsc (Rivera-Pe´rez et al., 1999), Fgfr-1 (Deng et al., 1997),
and Twist (Chen and Behringer, 1995). In XX7XY chimae-
ras, Sertoli cells are exclusively XY (Burgoyne et al., 1988).
In such cases, this clustering may reflect the clonal origin of
particular groups of cells within a tissue. However, in
Hox112/271/1 chimaeras, the spleen cells are initially
well mixed at dE12.5. Between dE13 and dE13.5, a reorgani-
sation occurs such that the Hox112/2 cells are no longer
apable of associating with wild-type cells and two distinct
ell populations are formed.
The separation of Hox112/2 cells from the spleen anlage
in chimaeras is in contrast to the situation with Whn2/2
cells in thymus. Whn (the nude gene) also acts cell autono-
mously in thymus development. Aggregation experiments
demonstrated that, although the Whn2/2 cells could not
ontribute to medullary and cortical epithelial networks,
he Whn-null cells were retained in the adult thymus of
himaeras as a nonproliferating primitive epithelial popu-
ation (Blackburn et al., 1996). In contrast, in Hox112/
271/1 chimaeras, there is exclusion of Hox112/2 cells
rom the developing spleen, yet the cells persist in the
orsal mesogastrium. One possible explanation is the phe-
omenon of selective affinity. This was first described by
ownes and Holtfreter (1955) to interpret a classic series of
xperiments in which mixing of amphibian embryonic cells
rom different tissues led to spontaneous aggregation and
orting of the cell populations. Hox112/2 cells may lack a
factor or factors, such as a cell adhesion molecule, required
for cellular aggregation and interaction and which is abso-
lutely required by cells in the spleen anlage. If this factor
became essential between dE13 and dE13.5, then Hox112/2
cells would be excluded from the spleen anlage.
A second, but unlikely, possibility is that the commit-
ment to spleen development does not occur until dE13.
Thus, Hox11 would initially be activated at dE10.5 in a
pancreatic mesenchyme cell population that does not yet
s of reproduction in any form reserved.
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240 Kanzler and Dearhave the capacity to form the spleen. At a later stage,
between dE13 and dE13.5, a second signal occurs and a
subpopulation of these Hox11-expressing cells become
committed to spleen development. This second signal
would not function in Hox112/2 cells and, thus, these cells
ould not aggregate with other cells committed to the
pleen fate. In such a scenario, the commitment to form a
pleen is only taken at dE13, rather than at dE11.5. How-
ver, this would not explain the observed condensation of
esenchymal cells at dE11.5 (Wessels and Cohen, 1967;
oberts et al., 1994), suggesting that this is the stage at
hich spleen morphogenesis truly commences. Further-
ore, at dE12.5 a distinct spleen anlage is visible histologi-
ally (see Fig. 3), strongly suggesting that spleen fate has
lready been specified by this stage.
Hox11 expression in the developing pancreas has been
reviously reported by two groups, although neither re-
FIG. 7. Hox112/2 cells are excluded from the developing spleen
himaeras at dE12.5-dE14.5. An arrow indicates the developing spl
E14) sections of the spleen anlage of Hox112/271/1 chimaeras
re excluded from the developing spleen after dE13. Abbreviationsorted expression in the spleen (Cheng and Mak, 1993; Raju q
Copyright © 2001 by Academic Press. All rightt al., 1993). Ironically, misappropriation of the strong
pleen hybridisation signal in the dorsal mesogastrium to
he pancreatic primordium may have led to such an inter-
retation. The paucity of studies on mammalian spleen
evelopment and the close proximity of the spleen and
ancreas during their early development make interpreta-
ion difficult. However, our results demonstrate that Hox11
s expressed in both tissues during the early stages of spleen
evelopment. Hox11 is expressed in a mesenchymal cell
opulation in the dorsal mesogastrium at dE10.5 (Koehler et
l., 2000) and then subsequently, as our results demon-
trate, in the morphologically distinguishable splenic and
ancreatic anlage. This supports a common origin of these
wo tissues. The tendency for Hox11-null spleen cells to
lter their fate and contribute to the pancreatic mesen-
hyme rather than to other tissues may reflect this com-
on origin. The two mesenchymal populations may be
dE13. (A) Typical examples of Hox112/271/1 and 1/271/1
Scale bar 5 100 mm. (B) Sagittal (dE12.5) and transverse (dE13 and
e indicated stages of embryonic development. LacZ-positive cells
legend to Fig. 1. Scale bar 5 100 mm.after
een.
at thuite similar and able to coexist. The LacZ-positive
s of reproduction in any form reserved.
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241Asplenia in Hox112/2 MiceHox112/2 cells seen in the pancreas of 2/271/1 chimae-
ras during early postnatal development are no longer detect-
able in the adult. It is unknown whether this reflects loss of
these cells or transcriptional inactivation of the Hox11
mutant allele. Fate-mapping experiments will be necessary
to differentiate between these possibilities.
Our findings appear somewhat in contradiction to a
previous analysis of the same model, where apoptosis was
postulated as a potential mechanism to account for spleen
involution (Dear et al., 1995). The previous conclusions
were based on the observation of an increase in the propor-
tion of TUNEL-positive cells in the spleen anlage of Hox11-
null day-12.5 embryos compared to wild-type embryos. It
may be that apoptosis is increased in Hox11-null embryos,
although a report using another Hox11-null model found no
morphological evidence for such an increase (Roberts et al.,
1995). It could be argued that even low levels of apoptosis
can lead to high levels of cell death over a long time course.
However, we have shown that the change in the Hox11-null
spleen anlage occurs rapidly between dE13 and dE13.5. A
very high level of cell death would be required over a short
time span to account for the complete disappearance of the
spleen anlage. Alternatively, it is possible that the reported
increase in TUNEL-positive cells was an artefact and that
there is no increase in apoptosis in the Hox11-null spleen
anlage. Notwithstanding these possibilities and regardless
of whether some spleen anlage cells die or not, our LacZ
studies clearly indicate that a significant proportion of the
cells survive and, therefore, cell death cannot be the sole,
nor would it appear even the major, determinant of organ
involution. If apoptosis plays a role, its contribution is
liable to be a modest one. Up until dE15.5, there is no
evidence of reduced numbers of LacZ-positive spleen cells
in Hox11-null embryos, and, postnatally, at least some of
these cells are still present in the pancreas. These observa-
tions suggest that altered cell fate, and not cell death, is the
major mechanism accounting for involution of the Hox11-
null spleen anlage. It is, however, possible that after dE15.5
some of these cells die by apoptosis. It has recently been
reported that mice lacking the helix—loop–helix transcrip-
tion factor capsulin, the homeobox transcription factor
Bapx1, and the Wilm’s tumour gene product Wt1 all lack a
spleen and, in the case of capsulin and Wt1, the anlage of
null embryos displays increased apoptosis at dE12.5-dE14.5
(Herzer et al., 1999; Lettice et al., 1999; Tribioloi and
Lufkin, 1999; Akazawa et al., 2000; Lu et al., 2000). Hox11
mRNA is lacking from the spleen anlage of capsulin-null
and Bapx1-null embryos (Lettice et al., 1999; Lu et al.,
2000), suggesting that capsulin, Bapx1, and Hox11 could act
in concert to regulate early spleen morphogenesis. If lack of
Hox11 gene activity contributes to the resultant asplenia,
then it might be expected that altered cell fate, rather than,
or in addition to, cell death, is also involved. Thus, it will be
necessary to determine whether cell death alone accounts
for the asplenia in these other mutant mice.
In summary, the presented data provide insights into the
role of Hox11 in embryonic development. Absence of
Copyright © 2001 by Academic Press. All rightHox11 leads to arrest of spleen development rather than cell
death. The cells remain in a nonproliferating state in the
dorsal mesogastrium either as a rudiment or contributing to
the pancreas. There is no inward migration of lymphoid or
erythroid cells into the rudiment. Provision of wild-type
cells cannot rescue the defect, indicating that the defect is
intrinsic to this cell population. It will be necessary to
define the target genes of Hox11 in order to elucidate the
olecular mechanisms that alter spleen cell fate in
ox112/2 mice.
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